A ϳ2.4-kb imprinting control region (ICR) regulates somatic monoallelic expression of the Igf2 and H19 genes. This is achieved through DNA methylation-dependent chromatin insulator and promoter silencing activities on the maternal and paternal chromosomes, respectively. In somatic cells, the hypomethylated maternally inherited ICR binds the insulator protein CTCF at four sites and blocks activity of the proximal Igf2 promoter by insulating it from its distal enhancers. CTCF binding is thought to play a direct role in inhibiting methylation of the ICR in female germ cells and in somatic cells and, therefore, in establishing and maintaining imprinting of the Igf2/H19 region. Here, we report on the effects of eliminating ICR CTCF binding by severely mutating all four sites in mice. We found that in the female and male germ lines, the mutant ICR remained hypomethylated and hypermethylated, respectively, showing that the CTCF binding sites are dispensable for imprinting establishment. Postfertilization, the maternal mutant ICR acquired methylation, which could be explained by loss of methylation inhibition, which is normally provided by CTCF binding. Adjacent regions in cis-the H19 promoter and gene-also acquired methylation, accompanied by downregulation of H19. This could be the result of a silencing effect of the methylated maternal ICR.
Imprinted genes exhibit parent-of-origin-specific monoallelic expression (1, 9, 29) . In the mouse, two imprinted genesinsulin-like growth factor 2 (Igf2), encoding an embryonic mitogen, and H19, producing a noncoding RNA of unknown function-are located ϳ80 kb apart and are expressed only from the paternal and maternal alleles, respectively. Coordinate expression of these genes in tissues of mesoderm and definitive endoderm origin is due to the sharing of a set of enhancers located downstream of H19 (2, 19, 51) . Monoallelic expression of the two genes is regulated by an imprinting control element (ICR) located Ϫ2 kb to Ϫ4.4 kb relative to the transcription start site of H19 (18, 30, 43) .
On the maternal chromosome, the ICR mediates silencing of Igf2 in cis through chromatin insulator function. Gene targeting experiments, involving complete or partial deletion of the maternal ICR, result in expression of the maternal Igf2 allele (15, 18, 33, 43, 44) . The maternal ICR contains several binding sites for the vertebrate insulator protein CTCF. Using chromatin immunoprecipitation and in vivo footprinting, it has been shown that the ICR binds CTCF in vivo (16, 38) . The ICR functions as an insulator in enhancer blocking assays in cell culture and in transgenic mice (3, 10, 16, 33) . The presence of CTCF binding sites is sufficient to confer insulator activity at this locus: two copies of the chicken ␤-globin insulator (Ch␤GI) 2 , which contains CTCF binding sites but otherwise lacks homology to the ICR, completely substituted for the chromatin insulator property of the ICR in vivo (41) .
On the paternal chromosome, the ICR is methylated (45, 46) . CpG methylation inhibits CTCF binding (3, 10, 12, 16, 28, 38) ; therefore, the methylated paternal ICR lacks insulator activity and the paternal Igf2 promoter interacts with the downstream enhancers. The hypermethylated paternal ICR, while lacking insulator activity, directs postzygotic silencing of the H19 promoter in cis (33) . The promoter becomes hypermethylated and packaged into a closed chromatin structure (2, 8, 38) .
Differential methylation of the Igf2-H19 ICR, the establishment of which could be viewed as the imprinting mechanism itself, is laid down in the male and female germ lines (6, (45) (46) (47) . It was shown that establishment of differential methylation is a function autonomous to the ICR (15) , but the germ line-specific processes that establish this differential ICR methylation are undefined. Based on the paradigm that transcription factor binding can inhibit DNA methylation, possibly by physically blocking access of DNA methyltransferases (5, 22, 27) , it is conceivable that differential protein binding at these sites during germ cell development may play a role in differential acquisition of DNA methylation. This could involve CTCF or another protein with an affinity for the site. In a previous study, we investigated this possibility by replacing the ICR with two copies of the chicken ␤-globin insulator in mice. Each chicken insulator contained one CTCF binding site of the same consensus sequence as the ICR sites. By contrast to the ICR, the chicken insulator duplex remained hypomethyated in both female and male germ lines, i.e., the duplex lacked the ability to become imprinted. This result suggested that CTCF insulator sites per se are not involved in setting up differential germ line methylation of the ICR (41) .
Subsequently, the role of the ICR CTCF binding sites in imprinting has been tested directly by specifically mutating them in mice. In germ cells, differential acquisition of DNA methylation by the mutant ICR in the female and male germ lines was unaffected, again indicating that the CTCF sites are not involved in this process (32) . A difficulty with this study was that only approximately one-half of the insulator site core was mutated, and binding of CTCF may not have been completely eliminated. A low level of binding of CTCF was detected in vitro, and it is conceivable that even a much-reduced degree of CTCF binding to the insulator sites may have been sufficient to induce differential methylation in germ cells. Also, if a protein other than CTCF binds to the sites and is involved in differential germ cell methylation, then its binding in germ cells may not have been sufficiently affected by the mutations made. This difficulty has taken on more importance with the results of a recent study: reduction of CTCF in growing oocytes by RNA interference (RNAi) resulted in methylation of the ICR. This result was interpreted to mean that CTCF binding at the ICR-even at low levels, in the case of the previously described mutant ICR-functions to inhibit methylation of the region in oocytes (7) . After fertilization, maternal ICRs with mutated insulator sites have been observed to acquire methylation, suggesting that CTCF binding is normally required to maintain the hypomethylation of this region in somatic cells (26, 32) . Overall, the results point to a crucial role for the CTCF insulator binding sites, and CTCF binding, in establishing and maintaining imprinting of the Igf2/H19 region.
Here we report on the effect of severely mutating all four ICR CTCF binding sites such that protein binding at these sites is eliminated. We found that female and male germ cells remained hypomethylated and became hypermethylated, respectively, demonstrating that the ICR CTCF insulator sites are not required for the regulation of this process. Further, in somatic cells, the maternally inherited mutant ICR acquired methylation in the ICR and in adjacent regions in cis-the H19 promoter and gene accompanied by down-regulation of H19. This could be the result of a silencing effect of the methylated maternal ICR.
MATERIALS AND METHODS
EMSAs. Whole-cell extract for the binding assays was made from confluent plates of 13.5-day postcoitum (dpc) normal mouse primary embryo fibroblasts (PEFs) as described previously (49) 8.9 ], 1% Nonidet P-40, 2 mM dithiothreitol, and 1ϫ protease inhibitor cocktail [P2714; Sigma]) and incubated on ice for 30 min. After centrifugation at 13,000 rpm with a MicroCentaur (MSE) microcentrifuge for 5 min, the supernatant was placed into a new tube, gently mixed with 10% ice-cold glycerol, and snap-frozen in small aliquots on dry ice. The aliquots were kept at Ϫ80°C. To prepare the probe for electrophoretic mobility shift assays (EMSAs), 10 pmol of one strand of the oligonucleotide probe was end labeled and annealed to 20 pmol of the other strand and then diluted to 10 fmole/l (ϳ30,000 to 60,000 cpm/l). For the binding reaction mixture, 2 l of PEF extract was mixed with 2 l of anti-CTCF antibody (Upstate Biotechnology) or 1 l of specific competitor in 1ϫ binding buffer (20 mM HEPES [pH 7.6], 60 mM KCl, 2 mM MgCl 2 , 5% glycerol, 1 mM dithiothreitol, and 1% Nonidet P-40) and incubated on ice for 20 min in the presence of 0.2 g of sheared herring sperm DNA and 0.25 g of poly(dI-dC) (Sigma). One microliter (10 fmole) of probe was added, the incubation was continued for another 20 min at room temperature, and the bound and unbound fractions were separated on a prerun 4% polyacrylamide gel in 25 mM Tris-borate-EDTA for 3 h at 200 V. After 1 h of drying at 80°C, the gel was analyzed on a PhosphorImager (Molecular Dynamics). Oligonucleotides used were as follows (upper strands are shown): CTCF1, 5Ј-CAGTTGTGGGGTTT ATACGCGGGAGTTGCCGCGTGGTGGCAGCAAAATCGATTGCGCCA AACCTAAAGAG-3Ј; CTCF2, 5Ј-AATCCTTTGTGTGTAAAGACCAGGGT TGCCGCACGGCGGCAGTGAAGTCTCGTACATCGCAGTCCTAAAA-3Ј; CTCF3, 5Ј-CTGTTATGTGCAACAAGGGAACGGATGCTACCGCGCGGT GGCAGCATACTCCTATATATCGTGGCCCAAA-3Ј; CTCF4, 5Ј-TTGGCT ATAGCTAAATGGACAGACGATGCCGCGTGGTGGCAGTACAATACT ACATATTGCTCGGCAGACG-3Ј; CTCF1NdeI, 5Ј-CAGTTGTGGGGTTTA TACGCGGGAGTTACATATGTTTTTCAGCAAAATCGATTGCGCCAAA CCTAAAGAG-3Ј; CTCF2NdeI, 5Ј-ATCCTTTGTGTGTAAAGACCAGGGT TACATATGTTTTTCAGTGAAGTCTCGTACATCGCAGTCCTAAAAC-3Ј; CTCF3NdeI, 5Ј-CTGTTATGTGCAACAAGGGAACGGATGCTACATATG TTTTTCAGCATACTCCTATATATCGTGGCCCAAA-3Ј; CTCF4NdeI, 5Ј-T TGGCTATAGCTAAATGGACAGACGATACATATGTTTTTCAGTACAA TACTACATATTGCTCGGCAGACG-3Ј; FII, 5Ј-CCCAGGGATGTAATTAC GTCCCTCCCCCGCTAGGGGGCAGCA-3Ј; FIIX3Ј, 5Ј-CCCAGGGATGTA ATTACGTCCCTCCAAATAGCTTTTTCAGCA-3Ј.
ICR targeting vector. The same gene targeting vector as previously described was used (41) , except that the ICR, defined as a 2.4-kb BglII fragment, was mutagenized at each of the four CTCF binding sites. Nine or 10 bases of the 14-bp consensus sequence were changed, based on the FIIx3Ј mutation (31), yielding four identical mutant 14-bp binding sites that included an NdeI restriction site (Fig. 1A) . This mutation abolished binding in vitro (Fig. 1B to D) . We would also expect this mutation to fully eliminate binding of CTCF to the ICR in vivo; it was shown that changing the mouse CTCF insulator binding site core sequence from CCGC(G/A)(T/C)GG(T/C)GGCAG to CCGCG(G/A)(T/C)AT ATGCAG was sufficient to eliminate all CTCF binding to the ICR in vivo at the level of detection of chromatin immunoprecipitation assays (26) . In comparison, our mutation involved changing the three invariant nucleotides of these same four nucleotides: three G3T, four other invariant nucleotides, two C3A and two G3T, and two other nucleotides, (G/A)3T and (T/C)3G, to give CATA TGTTTTTCAG (Fig. 1A) . Further, unlike this previous study, in which only three of the four ICR sites were mutated (26), we introduced these changes to all four sites. On the basis of previous in vivo footprinting studies, CTCF can bind equally well to all four ICR sites (38) . Before insertion into the targeting construct, the 2.4-kb BglII fragment was subcloned into the BglII site of pSL1180. Site-directed mutagenesis was done in two cycles using the Transformer sitedirected mutagenesis kit (Clontech). Mutagenic primers were the upper-strand EMSA oligonucleotides for the four mutant CTCF binding sites. Selection oligonucleotides were SmaI-AgeI (first cycle), 5Ј-CATATATAGGGACCGGTTT ATAATTAC-3Ј, and AgeI-SmaI (second cycle), 5Ј-CATATATAGGGCCCGG GTTATAATTAC-3Ј. Mutant clones were identified by their NdeI digestion pattern. DNA sequence analysis of the entire 2.4-kb BglII fragment confirmed that no bases other than the ones at the CTCF sites had been altered. In the long arm of the targeting vector, immediately 3Ј of the ICR, a tandem duplication of the 193-bp BglII-BamHI fragment was present. However, this small duplication had no effect on the allele-specific expression of Igf2 and H19, or on the extent or pattern of DNA methylation in surrounding sequences. This has been assessed in control mice which carry the duplication but which do not carry the mutant CTCF binding sites in the ICR (data not shown).
Production of mice carrying the ICR CTCF binding site mutations. Gene targeting in mouse embryonic stem (ES) cells was performed using a replacement vector containing a neomycin and diphtheria toxin a-chain positive and negative selection cassette, respectively. The vector was identical to that previously described (41), except for the mutant 2.4-kb BglII ICR. Homologous recombination was detected by PCR amplification across the short arm of the vector to yield a 1.3-kb band with the following primers: upper primer, in the genomic sequence just outside the end of the short arm, 5Ј-CCTATGCCCATG CCCCATACAAATGACACC-3Ј; lower primer, in the polyadenylation sequence of the neomycin selection cassette, 5Ј-GCTGGGGCTCGACTAGAGC TTGCGGAAC-3Ј. Recombinant clones identified in this PCR assay were examined further by Southern blotting for conservative recombination of the short and long arms as previously described (41) and for retention of all four mutant CTCF binding sites. Excision of the neo cassette was achieved by mating male chimeras with females heterozygous for an X-linked Cre recombinase gene. Eggs of these females excise floxed sequences without mosaicism and regardless of Cre inheritance (42) .
Breeding of fetuses carrying the mutation for analysis. Female mice heterozygous for the mutation and negative for the Cre allele, obtained from mating male chimeras with Cre/0 females (see above), were mated with males homozygous for the Mus musculus castaneus form of distal chromosome 7 as derived from strain CAST/Ei (CS; The Jackson Laboratory, Bar Harbor, Maine). These males were of strain FVB/NJ.CAST/Ei(N7). The use of this mating, and its reciprocal, allowed for allele-specific analysis of expression and methylation. The wild-type allele (ϩ) was derived from strain CS, while the mutant allele (Ϫ) was derived from strain 129SI/ImJ (129). Hereafter, heterozygous fetuses maternally and paternally inheriting the mutation are designated Ϫ(M)/ϩ and ϩ/Ϫ(P), respectively, except where indicated otherwise.
Gene expression. Northern blot assays were performed as described elsewhere (23, 37) . A 10-g aliquot of total RNA was loaded per lane. Allele-specific expression was determined using reverse transcription-PCR single-nucleotide primer extension assays as described previously (40, 41) . Each assay relies on a single known sequence difference between allelic RNAs. Assays were conducted on the same samples used in Northern blotting. Each sample represented an individual embryo.
DNA methylation in somatic cells. Southern blotting was performed as described elsewhere (37) . For DNA methylation analysis of the H19/Igf2 ICR, DNA was digested with BglII to release the ICR and then with SacI to differentiate between alleles. Digestion with the methylation-sensitive HpaII enzyme was used to test for methylation, while digestion with the methylation-insensitive isoschisomer MspI was used to show the fragment sizes expected in unmethylated DNA. The filter was hybridized to the 2.4-kb ICR BglII fragment (probe a). For methylation around the G-rich repeat element, the DNA was digested with SacI to differentiate between alleles and with HhaI to test for methylation. The P3Q3 PCR fragment was used as probe (P3, 5Ј-GGTGGGGTTGTATAGCGT GGGTTAT-3Ј; Q3, 5Ј-CCCACATCACCCTTGCTATACTCCC-3Ј) (probe b). To visualize methylation changes localized to the promoter, PvuII restriction was used to release the DNA fragments and K3L3 and M3N3 PCR fragments combined (probe c) were used as probe (K3, 5Ј-GTATGAGACCCATGCCCT CAAATTCC-3Ј; L3, 5Ј-GCCTCACCCCACACCCGCA-3Ј; M3, 5Ј-TTTGGAG AATTTCAGGACGGGTGCG-3Ј; N3, 5Ј-ACCCCACGACTCTCCTCCAGCT CTC-3Ј. PvuII restriction was used to release the DNA fragments, and an EcoRI-SalI fragment (probe d) was used for DNA methylation analysis at the body of the H19 gene.
DNA methylation of the ICR in germ cells. (i) Perinatal germ cells.
Female mice of the homozygous transgenic line, which express the enhanced green fluorescent protein reporter gene specifically in germ cells (39) , were mated to males homozygous for the mutant ICR (Ϫ/Ϫ). From the resulting female and male 17.5-dpc fetuses, germ cells were purified by flow cytometry as described previously (39) using a MoFlo flow cytometer (Cytomation, Fort Collins, Colo.). Bisulfite sequencing was performed on cells embedded into agarose beads (25) . DNA from 20,000 and 25,000 cells was amplified using primers described earlier (45) . One PCR was performed on DNA from each of two conversion reactions. The products were isolated and subcloned into the pCR2.1-TOPO vector (Invitrogen), and individual clones were sequenced.
(ii) DNA methylation of the ICR on oocytes. Males homozygous for the mutant ICR (Ϫ/Ϫ) were mated to normal CF1 females (Charles River), and the resulting adult ϩ/Ϫ females were superovulated (11) . Oocyte collection was done as published previously (40) . Four separate bisulfite reactions were done on pools of 190, 150, 175, and 175 oocytes embedded into agarose beads (25) , and each reaction was PCR amplified separately.
RESULTS
The mutant CTCF binding sites are unable to bind CTCF. In order to inhibit CTCF binding to the ICR completely, we made drastic changes to the consensus sequence of all four CTCF binding sites (Fig. 1A) . These mutations were very similar to the mutation (FIIx3Ј) that inactivated CTCF binding and insulator function of the chicken ␤-globin CTCF site (FII) (31) . Our mutations also included an NdeI restriction site in order to be able to recognize mutants after site-directed mutagenesis and gene targeting in mice. The four wild-type CTCF replaced in all four CTCF sites by the sequence shown in lowercase letters on top. The NdeI restriction site created to facilitate screening during site-directed mutagenesis is also indicated. sites specifically bound CTCF from PEF extracts (Fig. 1B) , but the mutant probes were unable to form a specific DNA-protein complex ( Fig. 1D ; the CTCF 2 mutant is shown). The same gel shift was evident with all four CTCF probes, and this band was supershifted by anti-CTCF antibody. A similar-size gel shift was eliminated from the FII probe by anti-CTCF. CTCF site 3 was competed by CTCF sites 1 to 4, but not by mutant CTCF3 and FIIx3Ј (Fig. 1B) . CTCF probe 2 was competed by CTCF probes 1 to 4 and FII, but not by mutant CTCF sites 1 to 4 and FIIx3Ј (Fig. 1C) . With these mutations, we completely eliminated CTCF binding in vitro. This also sacrificed 10 CpGs in the ICR, which slightly reduced its overall CpG density. Gene targeting. Of 288 G418-resistant clones picked and expanded, 16 underwent homologous recombination as determined by PCR and Southern blotting. Eleven of these clones underwent conservative recombination with respect to the short and long arms and contained the four CTCF binding sites in the ICR (Fig. 2) . Recombination in the long arm could have occurred within the ICR, resulting in loss of mutant CTCF sites at the targeted locus; loss of mutant CTCF sites was observed in two clones (data not shown). For each of seven clones, ϳ50 blastocysts were injected with ϳ15 ES cells and transferred to recipients. Germ line transmission of the ES cell genome was obtained for four clones, and mice derived from clone no. 63 were used in this study.
Paternal inheritance of the CTCF binding site mutations. On paternal inheritance, the mutant ICR had little or no effect on the normal allele-specific expression pattern of Igf2 and H19. Both genes were expressed monoallelically in the liver and kidney of 17.5-dpc ϩ/Ϫ(P) fetuses (Fig. 3A) . The size of 17.5-dpc ϩ/Ϫ(P) fetuses was the same as that of their normal littermates ( Table 1 ). The mutant paternal ICR was hypermethylated in somatic tissues of 17.5-dpc ϩ/Ϫ(P) fetuses ( Fig.  4A ; see also Fig. 5B) , as is the case in normal fetuses (45, 46) . The ϩ/Ϫ(P) fetuses showed similar hypermethylation of the paternal chromosome around the G-rich repeats, at the pro- (Fig. 4B to D) . Thus, the mutant paternal ICR, deficient for CTCF binding, successfully substituted for the imprinting and promoter silencing functions of the normal paternal ICR. Maternal inheritance of the CTCF binding site mutations. The 17.5-dpc Ϫ(M)/ϩ fetuses and placentae were 122 and 136% of the weight of ϩ/ϩ siblings, respectively ( Table 1) . Eleven of 13 fetuses examined exhibited polydactyly of the forepaws, the defect being essentially the same as that described in mutations involving the insulin-like growth factor receptor gene which result in elevated IGFII activity (13, 21) . As expected from the large size of Ϫ(M)/ϩ fetuses, the concentration of Igf2 mRNA in these fetuses was higher than normal (Fig. 3B) . In the liver and kidney of Ϫ(M)/ϩ fetuses, Igf2 was biallelically expressed (Fig. 3A) . Expression of Igf2 from the maternal allele showed that the CTCF binding-deficient ICR failed to act as a chromatin insulator when maternally derived. H19 mRNA was expressed exclusively from the maternal allele, but the level of expression was much lower than normal in the kidney and liver of 17.5-dpc Ϫ(M)/ϩ fetuses (Fig. 3) . These results suggest that the mutant maternal ICR possibly induced postfertilization inactivation of the H19 promoter in cis, as does the normal paternal ICR.
In the absence of CTCF binding, the mutant ICR became hypermethylated in somatic tissues of Ϫ(M)/ϩ mice ( Fig. 4A  and 5 ). We observed a low level, but widespread methylation, of the maternal chromosome in 17.5-dpc Ϫ(M)/ϩ fetal tissues that included the region around the G-rich repeats (34) located between the ICR and the promoter, the promoter of H19 itself and the body of the H19 gene (Fig. 4B to D) .
ICR DNA methylation in the germ line. In ϩ/ϩ mice, differential methylation of the ICR in female and male germ cells is essentially fully established by the perinatal stage, with all copies of the ICR in female and male germ cells being hypoand hypermethylated, respectively (6, 47) . We obtained similar results for the mutant ICR, which was hypo-and hypermethylated in female and male germ cells of 17.5-dpc ϩ/Ϫ(P) fetuses, respectively. Further, as we analyzed heterozygous animals, we were able to directly compare the mutant and wildtype ICRs in the same bisulfite sequencing experiments. In female germ cells, the degree of hypomethylation of the mutant ICR was similar to that of the wild-type ICR for all nonmutated CpGs in the region (Fig. 6A) . Also, in male germ cells the degree of hypermethylation of the mutant ICR was similar to that of the wild-type ICR for all nonmutated CpGs in the region (Fig. 6B) .
Hypomethylation of the mutant and wild-type ICRs was also seen in ovulated oocytes of heterozygous ϩ/Ϫ(P) females, where an almost complete lack of methylation was observed at all CpGs that could be compared (Fig. 7) . Therefore, it is unlikely that the mutant ICR ever attracts methylation during female germ cell development and, therefore, in this regard it appears to be behaving in similar fashion to the wild-type ICR.
DISCUSSION
We have drastically mutated each of the four CTCF insulator binding sites in the Igf2/H19 ICR by gene targeting in mice. The ICR possesses properties of chromatin insulation on the somatic maternal chromosome, promoter silencing on the somatic paternal chromosome, and imprinting establishment, or differential DNA methylation acquisition, in female and male germ cells. The aim of this study was to determine if these ICR sites play a role in any of these three processes.
Effect of mutant CTCF sites on acquisition of differential methylation or imprinting: CTCF binding sites and imprinting establishment. In the establishment of genomic DNA methylation patterns, some DNA binding proteins might restrict access of methyltransferases to CpGs, while others may target methyltransferases to CpGs (14) . Based on these models, in the present study we hypothesized that CTCF-or another protein that can recognize the four ICR sites in questionbinds to the ICR in female germ cells and excludes methyltransferases, or binds to the ICR in male germ cells and attracts methyltransferases. Our results clearly showed the hypothesis to be false: we observed no abnormal behavior of the mutant ICR in respect to its acquisition of DNA methylation in the female and male germ lines. We can therefore conclude that the CTCF insulator binding sites are dispensable for the maintenance of ICR hypomethylation in female germ cells and for the acquisition and maintenance of ICR hypermethylation in male germ cells. Thus, the binding of CTCF, or another protein which recognizes the site, e.g., the "brother of the regulator of imprinted sites" (BORIS) protein (20, 26) , is not required in either of these processes. With respect to what other ICR sites might be involved, we have identified a set of conserved nuclear hormone receptor-like sites in the ICR which show in vivo footprints in somatic cells and which can bind proteins specifically in male fetal germ cell nuclear extracts in EMSAs (41a. We are currently investigating the role of these sites in imprinting by mutating them in mice.
In a recent study, reduction of CTCF in growing oocytes by RNAi was accompanied by methylation of the ICR, indicating that CTCF binding at the ICR insulator sites inhibits methylation of this region in these cells (7) . Given the present results, this interpretation no longer seems plausible, and three other explanations can be put forward: (i) a nonspecific effect of RNAi. Based on estimates of viability, mammalian oocytes and undifferentiated cells appear to lack the "interferon response" to double-stranded RNA exposure (35, 36, 48, 50) . However, little else is known regarding possible side effects of this system, and it would be of interest to determine if other doublestranded RNA molecules could induce methylation of the ICR (ii) CTCF binds to other sequences in the ICRaside from the insulator sites-to inhibit methylation. Further, this mechanism would have to be oocyte specific, as CTCF is unable to prevent postfertilization methylation of maternally inherited ICRs containing mutated insulator binding sites. This possibility seems unlikely and is difficult to test. (iii) CTCF may inhibit methylation of the ICR in oocytes by an indirect mechanism which does not involve binding of the protein to the region. For example, CTCF might sequester a cofactor that is able to direct methylation of the ICR. Also, CTCF is a versatile factor, binding at a wide variety of promoters and exhibiting transcriptional repression and activation functions (24) . Loss of CTCF would certainly result in a significant change in gene expression profiles, and one of these changed profiles might result in ICR methylation. It would be of interest to determine if conditional elimination of CTCF in a somatic cell type could result in hypermethylation of the ICR. CTCF binding sites and imprinting maintenance. The mutant maternal ICR was unmethylated in oocytes ( Fig. 7) but became methylated after fertilization (Fig. 4A and 5) ; therefore, CTCF binding maintains the hypomethylated state of the ICR in somatic cells, i.e., binding to the maternal ICR is required for excluding methyltransferases from the region. Similarly, the hypomethylated state of CpG islands, which are often coincident with promoters, might result from the exclusion of methyltransferases by bound transcription factors (5, 22, 27) . The paternal ICR became methylated in the male germ line, and this methylation persisted into somatic development. This means that the maintenance mechanism of the methylation status was not affected in the mutant paternal ICR. Effect of mutant CTCF binding sites on chromatin insulation. The normal maternal ICR is unmethylated and binds CTCF molecules at four sites in vivo which insulate the effect of the downstream enhancers towards the Igf2 promoters (Fig.  8A) . In the present study we showed that insulator function of the maternal ICR was lost when all four CTCF binding sites were inactivated (Fig. 8C) , resulting in Igf2 expression from the maternal allele and consequently large fetus size. This provides evidence that maternal Igf2 inactivity is brought about through insulator activity by CTCF binding to ICR sequences in cis.
The normal paternal ICR does not bind CTCF and lacks insulator activity (Fig. 8A) . In this respect, the mutations in the paternal ICR did not result in any change: Igf2 was expressed at a normal level from the paternal chromosome (Fig. 8B) .
Effect of mutant CTCF binding sites on H19 promoter silencing. The normal paternal ICR, while possessing no insulator activity, establishes silence of the H19 promoter in cis during early embryogenesis by directing secondary DNA methylation of the H19 promoter (33) . The CTCF binding-deficient paternal ICR clearly retained this property, as shown by the analysis of allele-specific expression and H19 promoter methylation in the liver and kidney of 17.5-dpc ϩ/Ϫ(P) fetuses.
The normal maternal ICR is unmethylated and does not have a promoter-silencing activity in cis. However, the mutant maternal ICR exhibited a high level of methylation in 17.5-dpc Ϫ(M)/ϩ fetuses compared to ϩ/ϩ littermates: in kidney DNA, 78% of the CpGs were methylated in the region analyzed with bisulfite sequencing (Fig. 5A) . At the same time, H19 RNA levels were greatly reduced upon maternal transmission of the mutation (Fig. 3B) , and the maternal H19 promoter was more methylated (Fig. 4C) . If methylation of the ICR were the key requirement that directs silencing of the H19 promoter, then it is possible that silencing of the maternal H19 promoter was directed by methylation of the mutant maternal ICR in cis.
Widespread methylation of the mutant maternal allele was induced by the CTCF site mutations. Spreading of methylation could be imagined from two directions: (i) methylation could have spread from the ICR into the promoter. This is likely, as on September 27, 2016 by guest http://mcb.asm.org/ mutations were made in the ICR and methylation levels appeared as a gradient, being highest in the ICR, lower at the promoter, and lowest in the body of the H19 gene (Fig. 4) . Furthermore, this possibility is supported by the fact that there is a mechanism in place where methylation of the H19 promoter is directed by the ICR, as it was shown for the normal paternal allele. The methylated paternal ICR is needed in the early embryo to direct inactivation of the paternal H19 promoter, but it is dispensable after the epigenetic changes at the promoter have been made (33) .
(ii) Methylation could have spread from the promoter to the ICR. In the lack of insulation from the ICR, the H19 and Igf2 promoters would both be accessible to the downstream enhancers and the Igf2 promoter could outcompete the H19 promoter, eventually shutting it down. The downregulated H19 promoter would then accumulate methylation, which could spread into the ICR. This sequence of events seems less likely in the light of other experiments. Upon maternal transmission of the ICR deletion, when enhancer insulation function was missing, the H19 promoter did not become methylated and its activity was 50% of the normal maternal allele (15, 33, 44 ). This situation is clearly different from our results, when maternal transmission of the CTCF site mutations resulted in increased H19 promoter methylation and a dramatic reduction in H19 expression (0 to 12%). It indicates that something else, e.g., methylation of the remaining sequences of the ICR, other than purely lack of CTCF binding, was necessary to drastically reduce H19 expression upon maternal transmission of the mutant ICR. On maternal transmission of the mutation, the H19 promoter was more methylated than the promoter of normal siblings but was less methylated than the normal paternal promoter (Fig. 4C ). Can this methylation account for the high degree of inactivation of the H19 promoter (Fig. 3B) ? It was suggested earlier that de novo methylation may be directed by alterations in the chromatin structure that would reflect differences between transcriptionally active and repressed regions (4) . Evidence that such a regulatory pathway exists in mammals was recently published, demonstrating that histone H3-K9 trimethylation is required to direct Dnmt3-dependent DNA methylation at pericentric heterochromatin (17) . Similarly, upon maternal transmission of the CTCF site mutations, the methylated mutant maternal ICR could direct inactivation of the H19 promoter, e.g., by posttranslational histone modifications. Similarly, histone modifications rather than promoter methylation could be the primary mechanism by which the methylated normal paternal ICR directs inactivity of the normal paternal H19 promoter, and the role of promoter methylation would be a secondary mechanism to stabilize the inactive state. The normal paternal promoter is indeed packaged into rotationally positioned nucleosomes (38) .
In two recent studies, CTCF binding was inactivated in such a way that all CpGs in the ICR remained intact (26, 32) . In one study, there was residual CTCF binding activity in vitro (32) . In the other study, only three of the four CTCF binding sites were mutated (26) , yet all four sites bound CTCF in vivo (38) . Our study is in agreement with the results of these two studies with respect to the role of CTCF binding in insulator function and maintenance of the unmethylated state of the ICR in somatic cells. Both groups found activation of maternal Igf2 expression upon maternal transmission of the mutations, indicating that the insulator function was impaired. Both groups found the mutant maternal ICR to be methylated in somatic tissues. Both studies reported down-regulation of H19 expression upon maternal transmission of the CTCF site mutations (26, 32) . Schoenherr and colleagues concluded that the drastic downregulation of H19 expression was caused by lack of activation of the H19 promoter by CTCF in the mutant maternal ICR (32) This explanation does not account for the great difference (50% versus 0 to 12%) between the levels of H19 expression from the mutant maternal alleles when the entire insulator is deleted (15, 33, 44) versus when only the four CTCF sites are inactivated (our quantitative data). Schoenherr and colleagues did not find methylation at the H19 promoter, and they interpreted this finding as indicating that methylation protection by CTCF is specific to the ICR (32) . In the other study, methylation was not investigated apart from the ICR. By contrast, our study, in which all CTCF binding sites were drastically mutated, shows a much wider spreading of methylation that includes the promoter and the body of the H19 gene. The differences between the studies could be explained on the basis of the differences in the mutations made. Our data indicate that methylation of the ICR, brought about by lack of CTCF binding, can spread over a wider region. This points to a role in postfertilization inactivation of the promoter by the mutant methylated maternal ICR, possibly through a mechanism similar to that of the paternal ICR (33). Pant and colleagues reported that the mutant paternal ICR induced methylation of the normal maternal ICR in trans (26) . Our data do not support such a trans-sensing effect (Fig. 4) . Our data (Fig. 7 ) are in agreement with those of Schoenherr and colleagues in the fact that there is no methylation at the mutant ICR in oocytes (32) . In addition we showed that the ICR is hypomethylated in perinatal female germ cells and methylated in male germ cells (Fig. 6 ) at the time of imprint establishment (6, 47) .
The results of these studies together demonstrate that it is possible to separate different properties of the ICR. The property of chromatin insulation and maintenance of the unmethylated state of the maternal ICR depend on CTCF binding and are separable from the properties of establishment of the differential methylation in the Igf2/H19 ICR in the germ line and from postfertilization methylation of the H19 promoter. These results point to the existence of specific sequences in the ICR, independent of CTCF binding sites, which are capable of marking the parental chromosomes in the germ line. Further mutagenesis of the ICR in mice should lead to identification of these sequences.
